REACTIVITY OF SOME NITROGEN-CONTAINING COMPOUNDS AT
SUPERCRITICAL WATER CONDITIONS

David M. Tiffany, Thomas J. Houser, Michael E. McCarville
and Michael E. Houghton

Department of Chemistry, Western Michigan University
Kalamazoo, MI 49008

INTRODUCTION

The possible use of supercritical fluid extraction (SFE) of coal to produce 1i-
quids has been attracting significant interest recently. The temperatures at which
SFE is generally carried out, about 400°C and above, will cause bond ruptures to oc-
cur in the coal structure. Thus, the extracting capability of the fluid is important
in terms of both the intermediate products, usually involatile at these temperatures,
as well as the original coal components. In addition, the fluid has the opportunity
to participate as a reactant at process conditions, which may yield extracts of dif-
ferent compositions that will be dependent on the fluid used.

Thermodynamic consideration of SFE leads to the prediction that the enhanced
solubility (volatility) of the solute has a very strong dependence on pressure (1).
The enhancement may be as large as a factor of 104 under very favorable conditions
(2). Thus, this method combines many of the advantages of distillation with those
of extraction. The general advantages of SFE as applied to coal processing have been
previously enumerated (1). Many of the reported studies in this area, using toluene
as the fluid, have originated in Great Britain. The influence of residence time,
temperature, and pressure on yield from the SFE of coal, using bench-scale and small
pilot plant units has been reported (3). Economic (4) and energy efficiency (5)
evaluations have indicated that SFE is competitive with most other coal conversion
processes. However, despite the strong interest in SFE there has been very little
reported on the basic chemistry that takes place during coal extraction by this tech-
nigue.

One important function which coal processing can perform is the removal of het-
eroatoms to yield a cleaner product. In particular, the current program is concerned
with nitrogen removal from model compounds thought to be representative structures
found in coal. Studies have shown that quinoline type structures in coal liquefac-
tion are among the most difficult to remove (6); more recent studies on catalytic
hydrodenitrogenation of quinoline (7-9) have supported this assessment. Thus, exper-
iments have concentrated on examining the reactivities of quinoline and isoquinoline;
the reactivities of other compounds were studied briefly also. The selection of
water as the fluid was based on several properties, in addition to solvent expense,
which makes it suitable for the application of interest. Briefly, these properties
are: (a) Critical temperature, 374.2°C. Theoretical considerations have shown that
extract volatility enhancement is greatest when extraction is carried out near the
fluid critical temperature (10). (b) Temperature and pressure dependence of the di-
electric constant which will allow control of solvent properties (11). (c) High
reactivity with cyanide wastes to form ammonia {12). (d) Molecular polarity since
polar solvents exert a stronger depolymerizing action on coal than nonpolar ones and
also increase extraction rate (1). Experimental verification of the effectiveness of
water as an extracting fluid was indicated by the results reported in a study of sol-
vent effects in supercritical extraction of coal (13); water was more effective than
predicted from the theoretical calculations. The present paper discusses the results
obtained to date of the treatment of several nitrogen-containing compounds and alkyl-
benzenes with supercritical water, including some treatments using acid catalysts to
enhance reactivity. The expectation is to determine the least severe conditions at
which nitrogen can be removed from several types of molecular structures.
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EXPERIMENTAL

The experiments were carried out in a small (47 cc) stainless steel, batch reac-
tor which is not equipped with a pressure gauge or gas vent. The procedure was essen-
tially the same for all experiments. The reactor was loaded with organic compounds
(usually 2.00 mL for liquids, or 2.00 grams for solids, although a few quinoline ex-
periments had different amounts), sufficient water was added to produce the desired
pressure at reaction temperature as calculated from PVT data (14), catalyst was added
as needed, the reactor purged with argon and bolted closed. The reactor was placed
in the preheated furnace for the required reaction time. Initial experiments used an
electric furnace but times to reach reaction temperature were found to be too long,
which prompted a switch to a fluidized sand bath furnace, thus reducing heating times
to reach critical temperature to about 15 minutes. Following reaction, the vessel was
air cooled, opened, the reaction mixture removed and the water and organic layers
filtered and separated. The reactor was washed with a portion of methylene chloride
solvent and a second portion of solvent was used to extract the water layer. The or-
ganic layer was combined with the solvent portions and diluted to a standard volume
of 25 mL with additional solvent.

The various phases were then measured quantitatively. The remaining volume of
water and the mass of the char (defined as filterable solids) were determined. A few
elemental analyses of the char were obtained. The ammonia produced and dissolved in
the water layer was determined for some of the experiments with an jon specific elec-
trode. The methylene chloride solution was examined gas chromatographically for pro-
ducts and extents of reaction. When a component was identified, standard solutions
were prepared for quantitative determinations. Some components were confirmed using
GC/MS analyses. There still was a significant fraction of product that remained dis-
solved and/or suspended in the solvent that did not show up on the chromatograms.
This was termed the tar portion. Currently, this tar is being examined more closely.

RESULTS AND DISCUSSION
Isoquinoline

The results of the reaction of isoquinoline at supercritical water conditions
and with water at these conditions are summarized in Table 1. The extents of reaction
are significant but their dependence on time and pressure are not entirely unequivocal.
The extents appear to level off at longer times and two increases in water pressure
increased reaction extents while a third gave a small decrease. However, as with
quinoline, the extents of reaction and the products found are different than those
from the inert pyrolysis (15). The addition of zinc chloride appears to increase
extents somewhat, as does the addition of tetralin or dihydroanthracene. The hydrogen
transfer agents were consumed to a large extent also, but DA did not yield products
that interfered with the reactant product chromatogram and estimates from a tetralin
experiment run later allowed adjustments in the product peaks to produce the yields
reported.

The results which are encouraging in terms of nitrogen removal are: (a) about 35
to 55 molar % of the converted reactant is in the form of desirable aromatics, ben-
zene and alkyl benzenes, (b) most of the converted nitrogen appears as ammonia in the
water phase and (c) the char is significantly reduced in nitrogen content as compared
to the reactant. Other results to note are: (a) a rise in temperature appears to
produce a relative increase in lighter molecular weight products as well as increasing
extents of reaction, (b) the identifiable products are formed from heterocyclic ring
rupture exclusively, thus leaving the homocyclic ring primarily intact, (this may not
be true for the reactions leading to the tar/char formation) and (c) the effect of the
hydrogen transfer agents indicate that prereduction, followed by water treatment may
improve conversions.

It should also be noted that one experiment run at 450°C and for 48 hrs. without
water showed less than 10% reaction (as compared to about 50% with water) and no mea-
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surable product or char was found.

Quinoline

The results of the reaction of quinoline at supercritical water conditions are
summarized in Table 2. The following observations can be made when comparing these
with those from isoquinoline: quinoline is significantly less reactive, thus would
require a catalytic agent, except at 500°C., and the product distribution is very
different yielding a smaller fraction of identifiable products which also are primarily
aromatic amines, aniline, toluidine and a small amount of quinaldine. The elemental
analysis of one char sample did show a reduction in nitrogen content, but it was not
as large as that found for the isoquinoline sample. One interesting observation is
that two catalytic experiments at 400°C. gave essentially quantitative yields of am-
monia. This will be investigated further including elemental analyses of tar and
char. It is evident that there is a very large fraction of product in the form of
unidentified tar.

Miscellaneous Compounds

The reactivities of several other compounds with supercritical water were examined
and the results are summarized in Table 3. Benzonitrile and carbazole represent nitro-
gen-containing compounds with different functionalities than the quinolines and these
exhibited the extremes in reactivity. Carbazole appears essentially unreacted at our ,
conditions. Benzonitrile evidently hydrolyzed, followed by decarboxylation, very
quickly and cleanly, no discoloration of the reaction mixture was observed.

Ethylbenzene and aniline were included because they were observed as products
which may have further degradation. Ethylbenzene did react to a small extent, again
very cleanly to predictable products, benzene and toluene. Aniline reacts to a larger
extent yielding only two organic products in the chromatograms. The aniline results
can be considered only qualitative at this point.

Because tetralin and dihydroanthracene were consumed in the reaction with isoquin-
oline, they were also examined. The tetralin was completely consumed, about half of
which formed naphthalene; the other half undergoes ring rupture to produce benzene and
at least four alkylbenzenes. Calibrations have not been determined as yet for the two .
products with the longer retention times than o-xylene, but mass spectra of these are
consistent with a C3-benzene and a Cg-benzene. A tetralin experiment run for 48 hours
at 450°C. without water gave only 26% reaction, 58% of which formed naphthalene. The
next larger product peak had a retention time consistent with those of n-butyl- or
o-diethylbenzenes (which were not present in the water reaction product). The dihy-
droanthracene results are only qualitative but it appears that about half is converted
to anthracene. In addition, at least five other products are formed in small amounts
and these have retention times between those of naphthalene and anthracene.

CONCLUSIONS

It is evident from the results that supercritical water can be effective as an
active reactant in the removal of nitrogen from several organic compounds as well as
influencing the mechanism of hydrocarbon degradation. The effectiveness varies with 1
molecular structure and there are indications that acidic catalysts, e.g., zinc
chloride, can improve this effectiveness. Consideration of the extents of reaction
shows that isoquinoline is much more susceptible to bond rupture than is quinoline.
For isoquinoline, the product distribution shows a distinct preference to rupture the
heterocyclic ring, but that rupture may occur with about equal probability between
the 1-2 or 2-3 positions, followed by hydrolysis and decarboxylation. The 1-2 break
would lead to o-xylene, the 2-3 to ethylbenzene, which are formed in about equal
amounts. These products can then undergo further sidechain shortening or elimination.



Quinoline, on the other hand, does not react as readily and although the heterocyclic
ring appears to be the preferential point of attack, the rupture is more probably be-
tween the 1-2 position than the 1-9 position. This fragment would not hydrolyze, but
would produce alkyl anilines which could then further react. It was found that tar
formation is far more probable with this reactant. It is interesting to note that
supercritical water has a profound effect on both the extent of reaction (100 vs. 26%)
and reaction mechanism of even the hydrocarbon, tetralin. Further mechanistic specula-
tion will be deferred until additional data is obtained.
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NOVEL LIQUEFACTIOM SOLVENT: HZO—HZS
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INTRODUCTION -

e Tiquefaction solvent has two roles to fulfill: (1) a slurrying liquid
for the coal which enables slurry compression into a continuous flow reactor,
and (2) a hydrogen shuttler which enables the transfer of hydrogen atoms from
H, or synthesis gas to the coal molecules. Additionally, the solvent serves as
a medium for reducing gas and coal product dissolution.

We now wish to describe the use of H,0-H,S as a substitute for organic
slurrying solvents. The philosophy for doi&% sg is that the water fulfills the
role of the slurrying liquid and H,S is the hydrogen atom donor. Since the
first bond dissociation energy of J%ter is 118 kcal/mole, rarely, if at alil,
would it be expected to react with carbon radicals. On the other hand, H?S has
the first bond dissociation energy of 93 kcal/mole and the second of 83
kcal/mole making it a good but not excellent hydrogen atom donor to carbon
radicals (reaction 1). At the higher temperatures of conventional coal
liquefaction reactors the thermodynamics would probably be more favorable.
Reaction 2 has proven to be rapid at coal 1iquefaction temperatures and is

Z2R* 4 H?S + 2RH + S (1)

S + H, » HS (2)

2 2

perhaps the principal advantage of H,S over an organic solvent. The
corresponding reaction for the organic é%]vent is usually slow. Ir organic
liquefaction solvents, H,S is known to enhance liquefaction &ields, and it has
been used for both coal gnd organic model compound reactions.

Water becomes supercritical at 374°C and its supercritical state has the
potential of influencing the 1iquefactio% processes in several ways: it (1}
becomes a fine solvent for hydrocarbons” (Fig. 31), (?2) loses much of its
ability to dissolve inorganic material (Fig. 2)°, (3) adds to the reaction
pressure, and (4) becomes more ionic (acidic and basic) since the ionization
constant increases by ca. 3 powers of ten (Fig, 3). If water is to be
substituted for an organic slurrying liquid, the increase in reaction pressure

100 100
50 / 50 \
l ] 1 ]

L
300 400 300 400
T, °C T, °C
Fig. 1. Hydrocarbon solubility Fig. 2. Inorganic solubility
(wt %) in water (wt %) in water )
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(to ca. 5,000 psi) must be tolerated. Therefore, one must insist there be
compensating factors for this pressure increase which more than make up for the
cost of increased operating pressures. BRatch autoclave data now indicate this
is so, Indeed, water appears to have a positive effect on liquefaction yields
in addition to its role as a slurrying liquid.

-8 |-
/
-0 ju "/ .
o . 03
= Density = 0.7 g/cm,”
s ol y , _9/,/
v
7 ')
§ ,' ,0.6,,
e -11 | 7,7 65
(=] V4 ’ / * rd
et 7 N/ / . P4
e AR i
A
i -12 - Y 7/ 0.4
= v/ P
2 v ’ il
v . ’
b -13 =
° 1. 0.3
g '
- -4 ke : r’
Critical 0°
1point ¢ 1
0 200 400 600

Temperature, °C

Fig. 3. Ionization constant of water in high-temperature fluids
of various densities. The solid 1ine is the experimentally
determined curve for liquid water under its own vapor pressure.
The estimated extrapolation of the curve to the critical point
is shown as a dashed line. The other dashed lines shown
calculated values of the constant for single-phase fluid water
under sufficient pressure to maintain the indicated densities.

RESULTS AND DISCUSSION

The data of Table 1 compare the H,0-H,S results along with those using (1)
a petroleum-coal based organic solvent, anthracene oil (A04) together with a
solvent refined coal middle distillate from the demonstration plant at Tacoma,
Washington (SRCMD) and (2) dihydropyrene {DHP), a reputedly excellent hydrogen
donor solvent. Three ranks of coals are represented in the data.

Water with synthesis gas outperform A04-SRCMD with synthesis gas for the
conversion of two coal samples into volatile materials at the conditions used,
cf. runs 5 vs. 7 and 14 vs. 16. The presence of a small amount of H,S enhances
the as-defined yields whether in water, cf. runs 1 vs, 2, 7 vs. 8,°16 vs. 17,
21 vs. 22, 26 vs. 27 and 31 vs. 32 or in an organic solvent, cf. 5 vs. 6, 12
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vs. 13, 14 vs, 15, 19 vs. 20, 24 vs, 25 and 34 vs. 35. The reactions which had

the temperature programmed from 300°C to 500°C using H,0-H,S and synthesis gas
gave the best of the aqueous-H,S conversion yields, c%. #ans 8 vs. 9, 17 vs.
18, 22 vs. 23, 27 vs. 28 and 37 vs. 33. Synthesis gas is superior to pure H2
(980 psig), cf. runs 3 vs. 5 and 12 vs. 14,

The philosophy behind the temperature programmed reactions was the belief
that the thermally produced, coal-derived radicals would be formed in a more
controllable fashion, i.e., in a more steady, slower rate, within the
coal-water slurry than with a sudden thermal jump to a preselected reaction
temperature. The latter is assumed to momentarily deplete the hydrogen donor
capacity of the solvent system at least in the vacinity of the thermal reaction
events. In the case where water is the principal solvent, the hydrogen donor
capacity is the H,S concentration. The consequence of this depletion is the
occurrence of retr%grade reactions which result in Tower conversions.

The dihydrophenanthrene (DHP) runs gave better conversions than either
water or AO4-SRCMD given otherwise the same experimental conditions. However,
DHP decomposes to the extent of 11% at 420°C at 30 minutes, and the non gaseous
products are solids rather than liquids as they are with the water runs. The
water runs were the easiest to separate from the product siurry. The
distillation was complete in ca. 3 hours with the water runs whereas it took
from 5-7 hours to get to ccnstant weight with the organic solvent-based runs.
The 011 separated by gravity from the water in the water based run distillates.

In summary, the H,0-H,S solvent runs with various ranks of coals give
respectable yields of totaT volatile materials at 420°C and with temperature
programming the reactor from 300° to 500°C, the yields were as good if not
better than using one of the best of hydrogen donor model compound solvents.
The H?S concentration the programing rates or ranges have not been optimized.
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Table 1. The Conversion of Coals in H70-HES and A04-SRCMD
Te

Lignites Reducing gases” perature, °C  Sovent Conversion, %
in31an5ead (Zap 1) A,

1 270 0 YRS
2 Indianhead H,S-C0-H3 420 50 42.8

3  Big Brown (BBl) H, 420 AO4-SRCMD 35,2

1 Big Brown HES-Hz 420 O4-SRCMD  35.3

& Big brown HoS-CoE 150 hoahaD 4o

7 Big Brown 2 co-Hg 420 H,0 43.7 + 2.0
8 Big Brown HZS-CO-H2 420 H20 48.9 + 1.2
9 Big Brown HES-CO-H? 300-500 120 71.0

10 Big Brown CO-H3 420 DAP 50.7 + 4.4
11 Big Brown H,S-C0-H5 420 DHP 65.3 + 3.5
12 Beulah (B3) H, 420 AO4-SRCMD  22.2

13 Beulah HyS-H 420 AO4-SRCMD  29.3

14 Beulah Bo-H2 420 AOA-SRCMD  30.1

15 Beu}ah HZ"-ES-EZ 253 RO8-SKCHD gg.g Lo
16 Beulah - B8+ 1,
17  Beulah st-co-Hg 420 H%O 36.8 + 0.3
18 Beulah H55-C0-H2 300-500 W20 51.6 + 1.1
19 Beulah C0-H3 420 DAP 26.6
20 Beulah H,$-C0-H3 420 DHP 53.3 + 2.0

Subbituminous coals
21 Decker (DEC T) C0-H, 420 H,0 38.6 + 0.4
22 Decker H,S-C0-H5 420 50 20.6 + 1.5
23 Decker HES-C0-H) 300-500 H20 52.3 + 0.7
24 Decker CO-H5 420 ofiP 28.4
25 Decker H,S-C0-H5 420 DHP 60.2 + 8.0
26  Absaloka (ABS 1) CO-H, 420 H,0 29.6 + 0.3
27 Absaloka H,$-C0-Hj 420 50 38.1 % 1.1
28 Absaloka HS-C0-H3 300-500 H20 51.0 + 0.7
29 Absaloka CO-Hj 420 DAP N.A.
30 Absaloka H,S-C0-H2 420 DHP 49.6 + 3.5
Bituminous coals

31 Towhattan (POW 1) C0-H, 420 10 24,7 £ 0.4
32 Powhattan H,$-C0-H3 420 H50 30.5 = 0.8
33 Powhattan HS-C0-H3 300-500 H20 41.9 + 0.7
34 Powhattan C0-H2 420 DAP 43.5
35  Powhattan H,S-C0-H 420 DHP 51.6 + 3.5

The experimental conditions are: reaction time, 1 hour; H,S, 250 psig; CO, 490
psig; H,, 490 psig; coal, 1 gram; and water, 1 gram. When“H, alone was used,
its pregsure was 980 psig. The conversion yields were deterftined by distilling
the volatile material (gases and Viquids) from the reactor contents at 250°C at
1 Torr for 5 hours (H 0? and 7 hours (AD4-SRCMD). The coal samples are cited
from the mine site: I%dianhead from the Indianhead Mine at Zap, North Dakota;
Big Brown from the Big Brown Mine at Fairfield, Texas; Beulah from the South
Beulah Mine, Beulah, North Dakota; Decker from the Decker Mine at Big Horn,
Montana; Absaloka from the Absaloka Mine at Sarpy Creek, Montana; and Powhattan
from the Powhattan Mine at Belmont, Ohio.
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Introduction

Historically, models of coal structure have been developed on the premise that
its principal characteristlcs can be attributed to those of a complex solid phase.
Attempts to describe and portray this phase have focused on embodying measured
compnsitional parameters into an ‘average' molecule which presents a statistical
representation of the whole molecular assembly. The value of such an approach is
very limited particularly in its ability to describe behavioral characteristics.
Furthermore, it does not take account of the existence of comparatively low
wolecular weight extractable liquids which are present in all except anthracitic
coals (1).

In bituminous cocals, the chloroform soluble materials have been shown to
directly influcnce coal fluid properties (2-4). The role of the 'bitumens' has been
sugrested to be that of solvating and hydrogen-donating agents for the remainder of
the coal substance (2). By analogy, it has been proposed that extractable coal
Tiquids can provide a similar function during coal liquefaction (5). Experiments
have shown that the extraction of bituminous and subbituminous coals in chloroform
prior to liquefaction adversely influences the net liquefaction yield (6).

Ar moderate temperatures only a small proportion of coal may be extractable in
solvents such as chloroform. However, Lt has long been recognized that by
preheating the coal up to temperatures of 400°C and above, the yield can be
increased scveral fold (2,7-8). Brown and Waters (2) concluded that the normal
yield of extract (s related to the accessibility of the pores to solvent, which is
enhanced by preheating (swelling). Similarly, it has been found that the yields of
alkanes present in benzene/ethanol solvent extracts was higher by 8-10 times in the
liquefaction products of the same coals, although the distribution of the various
specles was very similar in both cases. It was concluded that the increased yield
of alkanes on liquefaction was due to their liberation from regions of the structure
hitherto inaccessible to solvent (9).

The work of Vahrman (10) has shown that in the Soxhlet extraction of coals
extended for several hundred hours, the quantity of extract progressively increases,
albeit at very low rates, and ultimately approaches that of the tar produced in low
temperature (450°) pyrolysis. These findings are consistent with more recent
suggestions to the effect that proportion of coal which is potentially extractable
fs much larger than is generally assumed but that it is not readily available due
{ts belng contained in closed or restricted porosity (11).

There are at least two possible sources of extractable or trapped liquids; by
reactions during coalification leading to the formation and accumulation of lower
molecular welght material (2); by physical entrapment of relatively unmodified
components of plant origin (9,12-14). The presence of these materials in the
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coal mass and their influence on its properties have promoted a number of
sugpestions concerning coal structure (1,2) which have been revitalized in recent
years (15-17). Essentially coal is considered to comprise a relatively rigidly
honded three dimensional network which acts as a host for lower molecular weight
species contained in both open and closed or partially closed pores. 1n effect, the
striuctural model is that of a multicomponent system which, in the light of present
knowledge, appears to be a more consistent and realistic basis for coal research
than the earlier single phase concepts.

With this background, research investigations have been initiated to examine
the low temperature (;bOOOC) catalytic hydrogenation of coals. The general
objectives are to determine Lf it Ls possible to increase the yield of extractable
liquids through the breakdown or modification of the network under mild
hydrogenative conditions. Through, so doing, it is hoped 1) to derive information
about the structures and interactions of the '"network' and 'mobile' phases and ii)
to ascertain the influence of such a pretreatment upon the behavior of coal in
subsequent reactions. Earlier research has shown that low temperature chemical
reduction of coals (treatment with a solution of lithium in ethylamine) can Increase
the H/C ratio and solubility In pyridine (18).

The approach which has been adopted follows the work of Hawk and Hitsehue (19)
and Weller (20) who investigated catalytic coal hydrogenation in the absence of
solvent in order to reduce the number of variables in the system and the problems of
Intecpretation. The principal difference in the studies reported here, compared to
the eaclier work, is that reactions have been conducted at substantially lower
temperatiires and pressures.

Exprrimental

Coal Preparation

Samples of a bituminous coal were obtained in undried 1/2" lump form from The
Pennsylvania State Unlggrslty Coal Sample Bank. The coals were ground, without
drying to minue 800xI10 ° m in a glove box which was first purged and maintained
under pressure using a flow of oxygen-free nitrogen. The total ground product was
riffled and then divided into approximately 20 gram lots which were sealed into
vials while still in the glove box. The origin and analysis of the ground coals are
summarized in Table 1.

The molybdenum catalyst used in these experiments was impregnated onto the
coals using an aqueous solution of ammonium hepta molybdate (NHA) Mo, 0 A'AHZO
(supplied by courtesy of Climax Molybdenum, Co.). The procedure was t& mix“the
prerequisite quantity of the molybdenum salt with the coal following which
sufficient distilled water was added to form a thick slurry which was stirred for 30
minutes at room temperature. The excess water was removed by vacuum at room
temperature overnight. (It was estimated that by this technique more than 98% wt of
catalyst was retained on the coal.)

Reaction and Product Workings

Reactions were carried out using standard tubing bombs (20 cc capacity)
constructed out of 316 stainless steel whlich were loaded with approximately 5 g of
sample. The bombs were first purged of alr several times with nitrogen and, if
required, purged of nitrogen and sealed with the reactant gas to a cold pressure of
1000 psig. The bombs were heated by immersion in a preheated fluidized sandbath
heater which rapidly raised the contents of the bomb to reaction temperature.
Agitatinn was provided by OSftllatlng the bomb through a vertical displacement of 5
cm at a frequency of 50 sec '. At the end of the reaction period, the bomb was
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removed from the sandbath and quenched by immersion in water.

The excess pressure in the bomb was released by venting at room temperature
during which time gas samples were collected for analysis. The reactor contents
were completely removed to a predried ceramic Soxhlet thimble using chloroform as
wash solvent. Soxhlet extractions were then carried out for 12 hours in boiling
chloroform under a protective blanket of nitrogen. The resulting residue was dried
in vacuo at 110°C for 12 hours to remove remaining solvent.

The chloroform extracts were filtered (Whatman 42 filter paper) under a
nitrogen blanket and the excess chloroform removed on a rotary evaporator at
40°c.  The resulting product was then further dried in vacuo for 1 hour at
110°C.  'The residual and extract products were sealed under nitrogen and stored
under refrigerated conditions.

The total yields of chloroform soluble extract and gases were calculated from
the mass of dried chloroform insoluble residue and reported as a percentage of dmmf
coal. 1In those cases where catalyst had been added, the assumption was made that
the molybdenum in the residue had been converted to a 50-50 mixture of Mo0, and
MoS,. This assumption requires verification but any resulting inaccuracy 3oes
not affect the general trend shown in the data. The reproducibility of the total
yields was found to be within 27%.

Analytical

The chloroform soluble extracts, the insoluble residues and nonextracted coals
were analyzed for elemental composition. The extracts were also analyzed by 'H
n.m.r. spectroscopy (using pyridine as solvent) and by high resolution mass
spectromelry (KRATOS M-50 spectrometer, resolution 1:30,000). The mass
spectrometric method employed direct probe sample {ntroduction which allows analysis
of materials which are volatilized at 350°C and a pressure of 107° mm of
mercury.

The parent coals and nonextracted, reacted samples were analyzed by 13C
n.m.r. using two independent methods to detemine differences in aromaticity;
cross-polar magic angle spinning and the Bloch decay technique.(2V)

Results and Discussion

Extract Yields

The total yields of chloroform extracted liquids and gases obtained under
different reaction conditions are shown Iin Table 2 and are presented in Figure 1.
It can be seen that the extract yield obtained in nitrogen increases with
temperature from 0.9% at 61°C to a value of 9.2% at 400°C. The effects of
heating on extract yield are consistent with those reported previously (1,2,7,8) and
the value at 400°C is of the same order as has been measured for coals of
similar rank (2).

More notably, at temperatures above about 325°C, the total yield is
increased to some degree by the presence of hydrogen gas and more appreciably by the
combination of hydrogen and impregnated catalyst. 1In the latter case, the yield at
400°C amounted to 43.1% of dmmf coal which is more than a factor of two higher
than obtained in hydrogen alone and over four times that in nitrogen. Accurate
flgures for the gas make are not yet available although from preliminary estimates
the quantity does not appear to be higher than about 5% dmmf coal at the maximum
total yield measured. Consequently, it can be scen that by catalytic hydrogenation
a substantial proportion of the coal substance has been rendered soluble and
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TABLE 1

COAL ANALYSIS

Coal Tdentification

Rank
Sampte Band 1.D.
Seam
Mine
Analysis
Moisture % a.r.

Mineral Matter % m.f.%*

Elementsl Analysis (dmmf)

[
H
0 (by diff)

N

S

H/C atomic ratio

by low temperature ashing

TABLE 2

Bituminous HVA

PSOC 1266

Ohio #5 (Lower Kittanning)
East Fairfield C

83.20
4.97
8.64
2.06
1.35
0.76

TOTAL YIELDS (CHLOROFORM SOLUBLES AND GASES) FROM BITUMINOUS COAL
REACTED FOR 1 h, 1000 psig GAS (COLD)

Reaction Temperature, °C
250 0.9
300 1.2
350 6.3
400 19.3

+
Yields are the average ot at least two results.

%

70

Noncatalyzed

5% Mo on a.r. coal added as ammonium hepta molybdate.

Yield % dmmf+

Catalyzed*

=~
wwo~—0
=N W W

Estimated error *17Z.
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extractahle in chloroform. The lesser improvement in yield found in hydrogen alone
may he attributable to catalysis by dispersed mineral matter.

From these data it is not possible to ascertain whether the chloroform soluble
materials realized under hydrogenative conditions are derived solely from the more
effjcient liberation of trapped species or whether there i{s some accompanying
decompnsition of the 'network.' Nevertheless, the high yields obtained with
impregnated catalyst supgest that a proportion of the extractable products may be
produced through reactions which involve breaking relatively strong chemical bonds.

Coal and Extract Composition

The coal aromaticities measured by 13C n.m.r, are shown in Table 3. The

results obtained by the two methods differ significantly in absolute terms, reasons
for which are currently being investigated, The differences are, however,
systematic and depict the same relative changes in f_, which show that under

both sets of reaction conditions the aromaticity increases. In the presence of
catalyst the extent of aromatization is reduced but the net chemical reactions
evidently f{nvolve dehvdrogenation rather than hydrogenation.

The hydroeen contenfi and the H/C ratios of the coals and residues, Table 4,
are consistent with the C n.m.r. analyses. The results for the chloroform
soluble extracts do not reflect the same trend, the hydrogen content of the extracts
derived following reaction being similar to or higher than that from the parent
coals 1In the absence of pas analyses, 1t is difficult to draw any inference from
these data, although it is noteworthy that the hydrogen content of the extracts is
little influenced hy the substantial changes in yield.

The role of the added catalyst is not at all clear. Its addition results in a
two-fold increase in an extractable material while apparently there is only a small
effect on net hydrogenation.

Further compositional analyses of the extracts were undertaken to attempt to
elucidate the function ‘of the catalyst and the originf of the additional chloroform
soluble liquids. The hydrogen type distributions by "H n.m.r. of extracts,
derived from hydrogenative reactions in the presence and absence of added catalyst,
were found to be virtually indistinguishable, Table 5.

A comparison of the distribution of hydrocarhon fractions of these same samples
obtained by high resolution mass spectrometry (HRMS) and subsequent data reduction
is shown in Figure 2. The format for this figure is simply a plot of ion intensity
vs Z number class (C H, ) with each Z number class ordered by carbdn
number. (Thus, benzenes contribute to Z=6 napthalenes to Z=12 phenanthrenes to Z=18
and pyrenes to 2=22.) The yield of hydrocarbons (as a fractlon of total extract)
was approximately the same for the two extracts (32% for catalyzed, 35%
noncatalyzed) and the similarity of the HRMS profiles indicates that the
distribution and composition of the bydocarbons is also very similar. This close
correspondence of HRMS profiles was also observed for other compound classes in the
extracts (cxnyoz, cxuyo, cxuyN).

A number of minor differences were detected in all of tbe profiles but {t is
not yet known if they are reproducible or significant. A further and possibly
important distinction was that in the monoxygenate profile (C_M 0) the
extract from the catalyzed reaction showed a higher concentrati{dn of monoaromatic
phenols. Examination by dispersive infrared spectrometry confirmed that this
extract contained a measurably higher concentration of phenolic -OH groups. This
particular phenomenon which has been noted in earlier studies of low temperature
coal reduction (i18) is the subject of continuing investigation.
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TABLE 3

AROMATICLTIES OF NONEXTRACTED COALS BY ]3C n.m.r.

Reaction at 400°C, 1 h, 1000 psig H2 (cold)
Parent Coal No Added Catalyst Mo_lmpregnated
f,1 (CP-MAS) 0.71 0.78 0.74
f1 (Block Decay) 0.75 0.84 0.79
TABLE 4

HYDROGEN CONTENT AND H/C ATOMIC RATIO OF COALS,
EXTRACTS AND RESIDUES

Reaction 400°C, 1 h, 1000 psig H2 (cold)

Sample Parent Coal No Added Catalyst Mo Impregnated
H wt?% dmmf 4.97 4.51 5.06
Coal
H/C Atomic 0.72 0.65 0.71
ratio
H 7% dmmf 4.86 4.00 4,61
Residue
H/C atomic 0.71 0.58 0.63
ratio
H % dmmf 6.52 7.25 6.95
latract
H/C atomic 1.01 1.05 1.00
ratio
TABLE 5

HYDROGEN TYPE D1STRIBUTION OF CHLOROFORM SOLUBLE EXTRACTS
BY "H n.m.v.
(conl reacted at 400°C, 1000 psig H2)

Sar e H ’ H. H 1

X A

Mo .36 0.25 .06 c.32

Mo impregnated 0.34 0.24 0.07 0.30
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Overall (and excepting the possible production of phenols) although the
catalyst has been found to have a major influence upon the release and/or production
of chloroform soluble material, the avallable compositional {nformation indicates
that its mechanism 1s unusually subtle. The additionally extractable liquids,
whether originally trapped or derived from the 'network' are very similar in
structure to those generated In the absence of catalyst.
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Figure 1. YIELD OF CHLOROFORM SOLUBLE LIQUIDS AND GASES AS A FUNCTION
OF REACTION TEMPERATURE ) .
(Bituminous coal, 5% M, loading on as-received coal, reaction 1, 1000 psig cold

pressure)
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COAL LIQUEFACTION AND HYDROGEN
UTILIZATION AT LOW TEMPERATURES
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U.S. Department of Energy
Pittsburgh Energy Technology Center
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The initial conversion of coal to materlal that may be extracted by polar
solvents such as tetrahydrofuran or pyridine requires only relatively mild lique-
faction conditions. The chemistry of the initial dissolution steps is very likely
to be of great importance to the overall 1lilquefaction process in that the yield
and character of the initially formed products may greatly influence the success
of subsequent 1liquefaction steps. Although conversion to the initial products
seems to require a minimum of bond breaking, hydrogen-deuterium exchange reactions
indicate that a rich chemistry transpires at the same time (1-U4).

In the following experiments, the conversion of coal was examined as a func-
tion of several variables over the range of temperatures from 3000C to 4500C. The
net change in both the content and the distribution of hydrogen among the products
was followed using an analytical scheme based on elemental and NMR analyses. This
method has been used to determine the net hydrogen utilization divided among cate-
gorles for hydrogenation, hydrocarbon gas formation, heterocatom removal, and
matrix bond breaking (5).

Experimental

Coal liquefaction was conducted in a 0.5-L stirred autoclave. In a typlecal
experiment, 30 g (maf) of coal ground to pass 60 mesh was charged to the autoclave
along with 70 g of coal-derived solvent. The solvent was a distillate cut
(2400C-U500C) obtalned from operations at the SRC-IT pilot plant at Ft. Lewis,
Wash. The autoclave was pressurized with the appropriate amount of hydrogen or
nitrogen to obtain the desired operating pressure at temperature. Heat-up time to
liquefaction temperatures was about U5 minutes. The autoclave was held at
temperature for the specified time and then rapidly cooled by means of internal
water-cooling colls. Grab samples of the off-gas were taken for analysis by gas
chromatography as the autoclave was depressurized.

Conversion data in Figures 1 and 2 were obtalned by first filtering the auto-
clave contents through a Whatman #5471 filter on a Buchner funnel maintalned at
60°C. The residue was then washed with tetrahydrofuran (THF) until the washings
were nearly colorless. Data in Figure 3 were obtained by first digesting the
liquid product from the autoclave with THF. The digest was vacuum-filtered
through Whatman #2 filter paper, and the residue was washed with THF until the
extract was nearly colorless. All residues were dried at 1109C and weighed.
Conversion values were based on the weight of dried residue.

The methods used to determine hydrogen utlilization data have been
described (5). Data from the elemental analysis of the feed coal and liquefaction
solvent, 1including the direct oxygen analysis, were used 1in these calculations
(see Table 1). The 1liquid products were separated by Soxhlet extraction with
methylene chloride. The carbon aromaticities were determined by '3C NMR using
CP/MAS techniques on the insoluble fraction and high resolution 13C NMR in CDpCly
for the extract.
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Results and Discussion

Liquefaction. The reactivities of the two bituminous coals are compared in
Figure 1 as a function of temperature. The pronounced difference in reactivity at
3250C decreases rapidly with increasing liquefaction temperature. Although a
difference in reactivity of these coals was expected, it 1s nonetheless remarkable
that the conversion of the Illinois coal remains high even at a temperature as low
as 3259C. The differences in patterns of hydrogen utilization discussed below are
not striking for these two coals. The structural differences between the coals
that are responsible for theilr individual responses to reaction temperature is a
matter still open to question. At least, these data indicate that the cholce of
feedstock coal is even more critical for liquefaction at lower temperatures than
at conventionally used temperatures.

The conversion of the Illinois coal 1is shown in Figure 2 as a function of
reaction time after reaching temperature for three temperatures. It 1is evident
that most conversion 1s complete within a short initial period of reaction even
for the lowest of liquefaction temperatures. Undoubtly, some of this conversion
occurs during heat-up. Although conversion to low molecular weight products may
require more severe conditions, the breakdown of the matrix structure of coal
requires little time at modest temperatures. This same pattern of reactivity was
noted earlier for liquefaction of coal in tetralin at 4009C (6). The present
experiments show that the "prompt" yleld of extract increases somewhat with
temperature.

The effect of hydrogen pressure on conversion is quite significant. Figure 3
contains conversion data obtained at various temperatures and pressures of
hydrogen or nitrogen. As expected, conversions increase with hydrogen pressure
but hardly change with increasing nitrogen pressure. The sensitivity of conver-
sion to hydrogen pressure is a function of liquefaction temperature. For example,
increasing hydrogen pressure from zero to 2000 psi produces a larger increase in
conversion at 4000C than at 3500C, It 1s not known whether this difference 1s
related to the thermochemistry of bond scission reactions or to the state of
reduction of pyrite in the mineral matter to pyrrhotite, which may act as a modest
catalyst for coal liquefaction. Under these reaction conditions, analysis of the
off~gases for HpS and of the recovered mineral residues for pyrrhotite content
shows that the reduction of pyrite is incomplete at 3509C. It is somewhat greater
at 4000C, but probably not yet complete.

The character of the 1liquefaction solvent 13 well-known to have a major
influence on conversion under conventional conditions. A number of experiments
were made to determine whether conversions obtained at the relatively low tempera-
tures employed here would be sensitive to modifications in the coal-derived lique-
faction solvent. In one case, 10% of the welght of the coal-derived solvent was
replaced by tetralin, a well-known hydrogen donor. Many studies have shown that
coal conversion increases with minor addition of tetralin to a 1liquefaction
solvent that 1s poor in donable hydrogen (7). Conversions were not changed within
experimental error for reaction temperatures of 325°C, 3500C, and 3400°C under
hydrogen pressures of either 1000 or 2000 psig. Thus the amount of conversion
under these conditions 1s not limited by lack of hydrogen donor compounds in the
coal-derived solvent.

In a similar way, 10% of the weight of the coal-derived solvent was replaced
by pyrene, a compound reported to be especlally effective as both a hydrogen
transfer agent (8) and a physical solvent for promoting 1liquefaction (9).
Addition of this compound also had no effect within experimental error on conver-
sion obtained at 3500C or Y4009C under 1000 psig hydrogen. Taken together, these
experiments indicate that for liquefaction at relatively low temperatures, the
coal-derived Solvent employed 1s not lacking in components suited for hydrogen
donation, hydrogen shuttling, or physical solvation.
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Hydrogen Utilization. A second set of autoclave experiments was performed to

determine if changes 1in hydrogen distribution during liquefaction were different
for coals of different reactivity. For initial experiments, the reaction condi-
tions selected were 2000 psi hydrogen and 15 min. at various temperatures. In
order to improve the reliability of the hydrogen distribution data, the work-up
procedure was modified to use only solvents compatible with the NMR measurements
needed to monitor hydrogenation. The entire contents of the autoclave were
Soxhlet-extracted with methylene <chloride to yield soluble and insoluble
fractions. The yield of soluble material is less using methylene chloride, but
residual solvent does not interfere with subsequent NMR aromaticity measurements.
Both the soluble and insoluble fractions undergo elemental and NMR analysis.
Thus, the relative amount of each fraction does not affect the values determined
for the net amount of hydrogen used. For both coals, the gas yield was negligible
at 3009C and 3509C, but increased to 1.2%-1.5% at UY000C and 8.2%-8.4% at 4500C on
an maf basis.

n is Adivided ints four +nmand ag
H divigded ints 10w <

in Tahln
CESrigsS inn ias

The total hydrogen utilizat ca 1z 2,

in
These results are arrived at using an analytical approach described
previously (5). Entries in Table 2 give the net number of hydrogens incorporated
(positive sign) or produced (negative sign) per 100 carbons of feed slurry. It
must be emphasized that these numbers indicate only net changes in hydrogen
involved in a particular mode of utilization and they include all the carbon in
the whole feed slurry not just that in the coal. Negative numbers appearing in
Table 2 for hydrogenation and matrix bond cleavage indicate that hydrogen (not
necessarily in the form of Hy gas) is being generated within the slurry by
dehydrogenation (aromatization) or condensation reactions, respectively.

The data in Table 2 indicate that cracking reactions producing Cq-Cy hydro-
carbon gases are not significant hydrogen consumers up to at least 400°C. Hetero-
atom removal increases with reaction temperature and is primarily oxygen removal
under these conditions. (The maximum consumption by removal of N + S in these
runs was 0.5 H/100 C for Illinois #6 at 4500C.)- The higher content of labile
oxygen of the Illinois #6 coal is reflected in Table 1.

The effect of temperature on the aromaticity of the total product (sols +
insols + gases) is indicated in Figure 4. The trend to increasing product aroma-
ticity with increasing temperature is the same for both coals. The data indicate
that at low temperatures the net chemistry is hydrogenation, but above about 400°
the total product aromaticity exceeds that of the feed slurry. This indicates
that the net reaction above 400°C, even under 2000 psi hydrogen gas, is aromatiza-
tion of the feed slurry (coal + solvent),

A similar pattern was observed in an earlier study of hydrogen utilization in
a small continuous reactor, although in that case the magnitude of the variation
of net hydrogenation with temperature was larger (5). This dominance of aromati-
zation over hydrogenation at high temperatures 1s expected on thermodynamic
grounds.

During liquefaction, bonds are being both broken (thermolysis) and formed
{condensation). The category "matrix cleavage" in Table 2 attempts to quantitate
the amount of hydrogen involved in bond-making/bond-breaking chemistry of the feed
slurry. This value for the hydregen involved in bond clcavage 1s necessarily
determined by difference and thus should be interpreted with caution. With this
warning it can be noted that for the Blacksville liquefaction experiments at Y400°C
and 4509C, the net hydrogen utilized in matrix cleavage 1s nil, indicating that
any bond cleavage that occurs consuming hydrogen 1s balanced by condensation
reactions producing hydrogen. At 3250C for the Blacksville coal, the data
indicate net production of 2 hydrogens per 100 slurry carbons or a slight
dominance of condensation reactions over thermolysis reactions. It 4is not
unreasonable to expect condensation to predominate at low temperatures. The 3259C
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experiments with Illinois #6 c¢oal also indicate a predominance of condensation
reactions, but the scatter of the data for the Illinois #6 coal liquefaction
experiments is too high to comment on with confidence.

The net amount of hydrogen consumed in matrix cleavage is a measurement of
the resultant of two opposing reaction routes and is thus expected to be a func-
tion of solvent type, reaction time, catalyst, coal, and temperature. The
response of hydrogen utilization to these variables 1s now under investigation.
The present data form a baseline for future comparisons. Improvements in the
analytical method will make it easier to form firm conclusions on the relative
importance of condensation versus thermolysis as a function of reaction
conditions.

It is interesting to note, however, that both in this work (3259C data) and
In the previous study of continuous unit operation, there is evidence for the
dominance of condensation reactions under mild conditions. The analytical
approach used to generate the data in Table 2 is still undergoing refinement, but
it appears that it may be quite useful for characterizing differences in liquefac-
tion chemistry and their dependence on reaction conditions.
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TABLE 1. ELEMENTAL ANALYSES, mar

C H N 0 S ‘
BLACKSVILLE COAL 80.6 5.6 1.4 9.4 3.1
ILLINDIS #b6 COAL 73.7 5.6 1.5 14,8 4,5
SOLVERT 8/7.1 8.0 1.4 5,0 0.4

MOISTURE FREE ASH CONTENTS WERE BLACKSVILLE = 11.9%, ILLINOIS #6 = 13.6%,
SOLVENT <0.1%. -

TABLE 2.
HYDROGEN UTILIZATION VS. COAL REACTIVITY
AND TEMPERATURE: HYDROGENS INCORPORATED
PER 100 CARBONS OF FEED SLURRY

BLACKSVILLE #2 ILLINOIS #6
FATE OF 325° 400° 450° 300° 300° 325° 400° 450° 450°
HYDROGEN Dup. Dup.
Gas Make 0 0 3 0 0 0 0 3 3
Hataroatom
Removal 0 1 1 1 0 1 2 3 3
Hydrogenation 1 -2 3 1 1 2 0 -3 -3 \
Matrix Cleavage -2 0 0 0 +2 -2 +2 -1 0
TOTAL -t -1 +1 +2  +3 +1 #4243
)
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THF CONVERSION, % maf coal
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Figure 3 -Pressure effect at various temperatures on I linois # 6 coal, 15 min
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1. [INTRODUCTION

The literature is ambiyuous regardinyg the reaction products obtained when
tetralin and hydrogen are reacted above 42%°C in the presence of a catalyst. Yen et
al. (1) reported that tetralin disproportionation occurs, at 455°C, and naphthalene
and only one of the decalin isomers are formed. They also reported the presence of
an unidentified product. Hooper et al. (2), with the aid of recent advances in
chromatographic analysis, suggested that the compound identified as a decalin isomer
could be methyl indan and attempted to show that tetralin disproportionation did not
occur, However, they did not analyze any actual products from catalytic
hydrotreatment of tetralin.

In this report, yas chromatographic analyses of the products from catalytic
dehydrogenation of tetralin at 450°C are presented. These analyses served as the
baseline for comparison of reactions in which dibenzyl was added to provide a source
of free radicals similar to those produced during the initial stages of coal
liquefaction,

11. EXPERIMENTAL

The experiments were carried out in a tubiny bomb microreactor constructed from
a six inch lenyth of 316 seamless stainless steel, 1/2-inch 0.D, tubing. One end of
the microreactor was sealed with a 1/2-inch Gyrolok cap. The other end was connected
to a 3 and 1/4-inch length of 316 seamless stainless steel, 1/4-inch 0,D., tubiny
with a Gyrolok reducing union. A Nupro fine meteriny valve was connected to the
other end of the 1/4-inch 0.D. tubing.

The reaction temperature was maintained by immersiny the microreactor in a
fluidized sand bath which was equipped with a temperature controller and a
thermocouple for monitoring the temperature. The microreactor was agitated in a
vertical plane with a 1 and 1/2-inch stroke., An agitation rate of 860 rpm has been
shown (3) to reduce mass transfer effects in the microreactor, Two steel ball
agitators of 1/8~inch diameter were also added to the microreactor to ensure good
end-to-end mixing duriny reaction.,

At the end of the desired reaction time, the microreactor was quenched in water
(20-25°C) to stop the reaction. The microreactor was then vented and its contents
collected in a vial.

The reaction products were analyzed using a Varian 3700 gas chromatograph
equipped with a CDS-111 inteyrator. Separation was accomplished with a 60-meter,
0.314 mm 1.D., fused silica capiliary column with a DB-5 bonded phase (0.25 wm). To
assist in the identification of the reaction products, some of the samples were
analyzed with a gas chromatography-mass spectroscopy (GCMS) unit. A capillary column
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was used for separation of the products. The composition of the other reaction
experiments were then identified by comparison of the chromatograms with the
chromatograms of the samples analyzed with GCMS.

IIT, RESULTS AND DISCUSSION

Three reaction parameters were chosen for manipulation to investigate the
tetralin-hydroyen reaction at a relatively high temperature (450°C). These
parameters were:

(1) addition of dibenzyl as a free radical precursor
(2) catalyst addition
(3) addition of yaseous hydrogen

Dibenzyl was selected as the free radical precursor. Dibenzyl cleaves at coal
liquefaction conditions, producing benzyl free radicals. The primary reaction of
dibenzyl is assumed to be thermal cracking followed by stabilization of the benzyl
free radicals. Cronauer et al. (4) observed no increase in the rate of dibenzyl
conversion with the addition of catalysts. .

Table 1 presents the response of the product distribution to the addition of
dibenzyl, and hence, the presence of free radicals, The principal products of the
dibenzyl-tetralin-hydroyen reaction were benzene, toluene, methyl indan, and
naphthalene, Very small amounts of ethyl benzene, butyl benzene, and trans-decalin
were found in some experiments. Traces of cis-decalin and stilbene were also
detected.

With the addition of dibenzyl, the most significant result was an increase in
the formation of methyl indan, the isomer of tetralin., Approximately twenty percent
of the tetralin was isomerized with the addition of dibenzyl, both with and without
catalyst. Cronauer et al. (5) and McNeil et al. (6) have also reported an increase
in the isomerization of tetralin with the addition of dibenzyl.

Even when there was no dibenzyl present, some isomerization of tetralin was
observed (i.e., 5.7 wt% and 7.9 wt% methyl indan was formed with and without catalyst
present, respectively). Isomerization of tetralin has been reported at temperatures
as low as 350°C in a nitrogen atmosphere (2). Penninger and Slotboom (7,8) heated
tetralin with hydrogen in the absence of catalyst at pressures of 10 to 100 atm and
temperatures of 460 to 56U°C. Methyl indan was reported among the principal
products, They proposed that the dehydrogenation of tetralin to naphthalene provided
the hydrogen atoms (i.e. free radicals) to initiate the isomerization reaction.

The formation of benzyl free radicals from dibenzyl is a thermal process.
Thus, the use of catalysts was not intended to change the amount of dibenzyl con- v
verted; instead it was felt that its addition would alter the product distribution,
i.e., mainly the relative amounts of tetralin isomerization and dehydrogenation
products. The rate of formation of the tetralin isomer, methyl indan, changed
stightly with the addition of presulfided CoMo/A1203 catalyst. However, the rate of
tetralin dehydrogenation to from naphthalene increased siynificantly with the addi- ~
tion of catalyst. This increase was even more oronounced when no dibenzyl was added;
the amount of naphthalene formation increased from 1.3 wt% to 13.0 wt% with the addi-
tion of catalyst. When dibenzyl was present, the amount of naphthalene formation
increased only from 6.6 wt% to 9.8 wt% with the addition of catalyst.

For the product analyses yiven in Table 1, only a small amount of trans-decalin
was observed, and that was when catalyst was present. No significant amount of
cis-decalin was observed in any of the products analyzed. For the reaction
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conditions used here then {450°C, etc.), catalyst addition caused an increase in the
rate of dehydrogenation of the tetralin rather than an increase in that of
hydroygenation.

The third reaction parameter which was studied was the addition of yaseous
hydroyen. Vernon (9) has shown that molecular hydrogen can react directly with the
benzyl free radical to yield toluene. Shah and Cronauer (10), however, have
demonstrated that the benzyl free radicals have a distinct preference for combined
hydrogen over molecular hydroyen under reaction conditions similar to those used in
this work. They reported that this preference is enhanced if the concentration of
hydroaromatics is high. The molecular hydrogen was believed to provide hydrogen for
"rehydrogenation” of depleted hydrogen donor solvent. In this work, tetralin serves
as the hydrogen donor, and a primary objective of the study was to evaluate the
response of the rehydrogenation rate of the tetralin versus that of isomerization to
the addition of ygaseous hydroyen.

Two .extremes of reactor atmosphere were used: a hydrogen atmosphere (80U psiy
at room temperature) and an inert nitroyen atmosphere (300 psiy at room temperature).
The product distributions for each case are presented in Table 2. The conversion of
dibenzyl was approximately the same in each case. The rate of isomerization of
tetralin to form methyl indan was lower in the nitroyen atmosphere. This result
suggests that molecular hydroyen can participate in the reaction mechanism for
tetralin isomerization. However, this participation may be indirect. In a hydroyen
atmosphere the dehydrogenation rate for tetralin should be lower than that in a
nitroyen atmosphere. As a result, more tetralin should be available for
isomerization. A more direct role of the hydrogen could be that the benzyl radicals
react with the molecular hydrogen to produce hydrogen atoms, then these atoms could
participate directly in the tetralin isomerization reactions (8,9Y).

The rate of tetralin dehydrogenation was higher than that of isomerization with
an inert nitrogen reaction atmosphere (Table 2), The opposite was true with a
hydrogen atmosphere.

The reaction of tetralin in the presence of both dibenzyl and hydrogen was used
as a baseline system for comparison. The increase in the amount of tetralin
dehydrogenation that occurred, when no hydrogen was initially present, relative to
that obtained with this baseline system was determined. The increase observed when
no dibenzyl was present was also determined. These responses are compared in Table
3. Apparently the increase in the rate of tetralin dehydroyenation, in response to
the absence of hydrogen, was much higher than it was in response to the absence of
dibenzyl.

When no hydrogen was present there was about an 8.4 wt.% decrease from the
baseline value {19.9 wt.%) in the amount of tetralin that isomerized to form methyl
jndan (Table 4). Similarly, when no dibenzyl was present, the amount of tetralin
converted to methyl indan decreased by about 12,0 wt.% below the baseline value.

A number of compounds such as tetrahydroquinoline (THQ) have been shown to have
a higher hydrogen donor reactivity than that of tetralin (12). A crude measure of
the relative reactivity of the tetralin for donating hydrogen to the benzyl radicals
was made by determining the decrease in the extent of tetralin dehydroyenation that
occurred in response to the addition of either quinoline or phenanthridine,
Quinoline and phenanthridine are basic nitroyen-containing aromatic compounds similar
to those found in coal-derived liquids, These compounds have a relatively high
adsorptivity. As a result, these compounds adsorb preferentially onto the catalyst
surface and are hydroyenated in preference to compounds like naphthalene (i.e., the
dehydrogenated tetralin product) which have a lower relative adsorptivity (13). The
hydrogenated products of these compounds (ey. THQ) are excellent hydrogen donors.
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McNeil et al. (6) measured the response of tetralin dehydrogenation and
jsomerization in the presence of dibenzyl to the addition of different polynuclear
aromatic compounds (e.g. phenanthrene, pyrene). They observed an insignificant
response to occur in the tetralin isomerization. However, a significant decrease in
the tetralin dehydrogenation occurred in response to the addition of certain
aromatics. In an earlier work (11), this decrease in tetralin dehydrogenation was
observed to vary directly with the number of condensed rings in the aromatic compound
added.

The response of tetralin isomerization to the addition of either quinoline or
phenanthridine is shown in Figure 1. The presence of quinoline or phenanthridine had
a significant influence on the extent of tetralin isomerization that occurred.
However, as shown in Figure 2, the addition of either quinoline or phenanthridine
caused only a sliyht decrease in the amount of tetralin dehydrogenation (14.2 wt.%
versus 6.6 and 10.4 wt%). The relative insensitivity of the tetralin dehydrouenation
to the addition of these basic nitroyen-containing compounds is somewhat surprising.
Earlier it was shown that the presence of a catalyst caused a significant increase in
tetralin dehydroyenation (Table 1). Preferential adsorption of the quinoline or
phenanthridine on the catalyst should inhibit dehydrogenation. It appears, however,
that these compounds act more to quench the benzyl radicals and thereby inhibit
tetralin isomerization without significantly inhibitiny dehydrogenation of the
tetralin.

IV. SUMMARY OF RESULTS

The principal products of the high temperature, catalytic reaction of tetralin
in the presence of dibenzyl and yaseous hydrogen were found to be naphthalene and
methyl indan., A small amount of trans-decalin was observed to be formed. The
isomerization of tetralin increased with the addition of dibenzyl, a free radical
precursor. The addition of a presulfided CoMo/A1703 catalyst had a small effect on
tetralin isomerization and dehydrogenation in the presence of dibenzyl. However, in
the absence of dibenzyl, catalyst addition had a significant effect on tetralin
dehydrogenation.

Tetralin dehydrogenation increased significantly when an inert nitrogen
atmosphere rather than a hydrogen atmosphere was used.

Tetralin isomerization decreased significantly with the addition of either

quinoline or phenanthridine; whereas tetralin dehydrogenation decreased only siightly
with the addition of either of these compounds.
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Table 1

Response in Product Distribution to Addition of Dibenzyl,
with and without Catalyst Present

Product Distribution, wt%

Initial Catalyst Tetralin Naphthalene Methyl Benzene Toluene Dibenzyl {
Dibenzyl (ppm) Indan
(wt%) }
0 0 92.9 1.3 5.7 - - -
20 0 56.9 6.6 16.4 0.6 11.4 8.0
0 1000 71.2 13.0 7.9 - -- --
20 1000 54.3 9.8 15.9 0.6 10.4 8.8
Reaction Mixture: 5.0¢ dibenzyl and tetralin
Catalyst Loadiny: 1000 g of total metal in presulfided CoMo/A1203 per 106 g

of tetralin.

Reaction Conditions: Temperature = 450°C
Initial Hp Pressure = 800 psig at 25°C
Time = 60 minutes
Ayitation Rate = 860 rpm °
Reactor = Tubiny Bomb Microreactor

Table 2

Comparison Between Product Distribution in a Hydroyen Atmosphere
with That in a Nitrogen Atmosphere

Product Distribution, Weight %

Atmosphere Tetralin Naphthalene Methyl Indan Benzene Toluene Dibenzyl

Hy 54,3

9.8 15.9 0.6 1
N 47.0 23.6 2 0.3

[YoReo}

5. 0.4
9. 9.8

Reaction Mixture: 5.0 y 20 wt% dibenzyl in tetralin
1000 g metal in presulfided CoMo/Al,03 ctalyst per 106
of tetralin
Reaction Conditions: Temperature
Initial Pressure

450°C '
800 psig H2, or 300 psig N2, at 25°C

unonn onon

Time 60 minutes
Agitation Rate 860 rpm :
Reactor Tubing Bomb Microreactor
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Table 3

Comparison Between the Change in the Weiyht Percent
of the Tetralin Dehydroyenated with No Dibenzyl
Present and That with No Hydroyen Gas Present

}
Chanye from Baseline Conditions* Increase in Amount of Tetralin
l Dehydroyenated (AWt.%)
No Dibenzyl Present 0.7
No Hydrogen Present 17.5
*Baseline Reaction Conditions:
Reaction Mixture: 5.0y of 20 wt.% dibenzyl in tetralin
Catalyst Loading: 1000 g of total metal in presulfided CoMo/Al203 per
‘ 106 y of tetralin
Reaction Conditions: Temperature = 450°C
Initial Hy Pressure = 800 psiy at 25°C
\ Time = 60 minutes
Agitation Rate = 860 rpm
Reactor = Tubing Bomb Microreactor
Jable 4
Comparison Between the Chanye in the Weiyht Percent
of the Tetralin Isomerized with No Dibenzyl
Present and That with No Hydroyen Gas Present
Chanye from Baseline Conditions* Decrease in Amount of Tetralin
Isomerized (AWt.%)
No Dibenzyl Present 12.0
No Hydrogen Present 8.4
*Baseline Reaction Conditions:
Reaction Mixture: 5.0y of 20 wt.% dibenzyl in tetralin
! Catalyst Loading: 1000 y of tota) metal in presulfided CoMo/Al203 per

106 y of tetralin

Reaction Conditions: Temperature = 450°C
Initial Hy Pressure = 800 psiy at 25°C
Time = b0 minutes
Agitation Rate = 860 rpm
Reactor = Tubiny Bomb Microreactor
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